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Abstract 
Introduction 
In the human demyelinating central nervous system (CNS) disease multiple sclerosis, 
remyelination promotes recovery and limits neurodegeneration, but this is inefficient and 
always ultimately fails. Furthermore, these regenerated myelin sheaths are thinner and shorter 
than the original, leaving the underlying axons potentially vulnerable. In rodent models, CNS 
remyelination is more efficient, so that in young animals (but not old) the number of 
myelinated axons is efficiently restored to normal, but in both young and old rodents, 
regenerated myelin sheaths are still short and thin. The reasons for these differences in 
remyelination efficiency, the thinner remyelinated myelin sheaths compared to 
developmental myelin and the subsequent effect on the underlying axon are unclear. We 
studied CNS remyelination in the highly regenerative adult zebrafish (Danio rerio), to better 
understand mechanisms of what we hypothesised would be highly efficient remyelination, 
and to identify differences to mammalian CNS remyelination, as larval zebrafish are 
increasingly used for high throughput screens to identify potential drug targets to improve 
myelination and remyelination. 
Results 
We developed a novel method to induce a focal demyelinating lesion in adult zebrafish optic 
nerve with no discernible axonal damage, and describe the cellular changes over time. 
Remyelination is indeed efficient in both young and old adult zebrafish optic nerves, and at 4 
weeks after demyelination, the number of myelinated axons is restored to normal, but 
internode lengths are short. However, unlike in rodents or in humans, in young zebrafish 
these regenerated myelin sheaths were of normal thickness, whereas in aged zebrafish, they 
were thin, and remained so even 3 months later. This inability to restore normal myelin 
thickness in remyelination with age was associated with a reduced macrophage/microglial 
response. 
Conclusion 
Zebrafish are able to efficiently restore normal thickness myelin around optic nerve axons 
after demyelination, unlike in mammals. However, this fails with age, when only thin myelin 
is achieved. This gives us a novel model to try and dissect the mechanism for restoring 
myelin thickness in CNS remyelination. 
Introduction 
Regeneration in the human central nervous system (CNS) affected by multiple sclerosis is 
less efficient than in rodent models of the disease, and the reasons for this are not well 
understood. Understanding and enhancing the regeneration of myelin sheaths in the CNS 
(remyelination) are important research aims in multiple sclerosis, where demyelination 
occurs in the CNS and remyelination ultimately fails. Demyelination of axons reduces nerve 
conduction velocity by failure of saltatory conduction and causes axonal damage due to loss 
of metabolic support from the oligodendrocyte to the axon [1,2]. Remyelination does occur in 
humans [3], but is insufficient, rarely restoring normal numbers of myelinated axons in 
multiple sclerosis lesions [4,5] and remyelination capacity declines with age [6]. 
Furthermore, the myelin sheaths produced are thin and short [7], potentially leaving the 
underlying axon vulnerable [8]. Remyelination in experimental animal models of multiple 
sclerosis has been shown to restore fast saltatory conduction [9], reduce axonal energy 
demands [10] and improve functional outcome [11–13]. Hence, enhancing remyelination 
efficiency, both in terms of extent and quality, may not only restore function after multiple 
sclerosis relapses but also aid neuroprotection, avoid neurodegeneration and slow or prevent 
progressive disability. No licenced drugs are yet available for treatment of progressive 
multiple sclerosis, and both pharmaceutical researchers and academia are interested in 
understanding how remyelination is regulated to find targets to manipulate its efficiency. 
One possible way to discover new targets to enhance remyelination is to study organisms that 
are more efficient at regeneration. Remyelination in the rodent CNS after toxin mediated 
demyelinating injury is efficient, so that in young rodents the proportion of axons with a 
myelin sheath in lesions is restored to that seen in control animals, though this ability reduces 
with age, associated with impaired oligodendrocyte progenitor cell recruitment and 
differentiation into myelin forming oligodendrocytes in older animals [14,15]. However, in 
both young and old rodents, as in humans, regenerated myelin sheaths are also thin and short 
[16,17]. 
Zebrafish are remarkable for their regenerative capacity of various organs, including in the 
CNS [18–20]. They have myelinated axons and are increasingly used to tease apart the 
mechanisms of myelination and remyelination of the CNS [21–24], and for drug screens 
looking for compounds altering these processes in larvae [25–27]. However, the efficiency of 
remyelination in adult zebrafish in terms of extent or quality is unknown, partly due to lack of 
a suitable focal demyelination strategy. Here, we use a novel model of focal demyelination of 
the adult zebrafish optic nerve as a research tool to answer the questions of whether the 
process of remyelination is similar to mammals, whether these vertebrates with a generally 
high capacity for regeneration show enhanced remyelination capacity in terms of extent and 
quality of myelin (compared to rodents and humans), and whether remyelination efficiency 
declines with age. 
Materials and methods 
Fish husbandry and housing 
All zebrafish lines were kept and raised in our animal facility under standard conditions [28], 
with a 14 hour light and 10 hour dark cycle at 26.5°C. We used wild type (WIK) and the 
following transgenic strains: tg (olig2:DsRed) [29], tg (claudink:GFP) [20], tg 
(claudink:GFP/olig2:DsRed) [20] and tg (FoxD3:GFP) [30]. Two ages of zebrafish were 
used for this study. Zebrafish reach fertility at about 3 months post fertilisation and breed 
regularly until 12 to 15 months of age. Therefore, to investigate young adults, we used 4 to 7 
months old male and female fish of the strains mentioned above. We chose 15 to18 months to 
represent an “aged” time point, since natural breeding frequency significantly declines by this 
age and overall growth of the fish has ceased [31]. 
Surgical procedures 
All experiments were performed under British Home Office regulations. 
Optic nerve crush 
Optic nerve crush of adult zebrafish was performed as previously described [32,20]. Fish 
were anaesthetised in aminobenzoic acid ethylmethylester (MS222, Sigma-Aldrich, St Louis, 
MO, USA; 1:5000 in PBS) and positioned under a stereomicroscope on an ice cold surface. 
Using fine forceps, the left eye was gently lifted from its socket and the exposed optic nerve 
was crushed behind the eyeball. A translucent strip across the usually white opaque optic 
nerve indicated a successful lesion. The eye was rotated back into the socket and the fish 
placed back into the water. Optic nerve crush was only used as a positive control in the 
axonal tracing experiments to determine whether LPC caused axonal injury. 
Lysophosphatidylcholine (LPC) application to optic nerve 
For application of compounds to the optic nerve, small pieces of absorbable gelatin foam 
(Gelfoam, Pfizer, New York, NY, USA) containing 5 μl of 1% LPC (Sigma-Aldrich, St 
Louis, MO, USA) in PBS were prepared. Adult fish were anaesthetised as above, placed on 
an ice cold surface under a stereomicroscope and using fine forceps, the eye was gently lifted 
out of the socket. A small piece of gelatin foam with LPC was placed next to the optic nerve 
behind the eyeball, and the eye was placed back into the socket. UK Home Office regulations 
do not allow bilateral optic nerve operations due to potential blindness and so experimental 
lesions were either compared to the unlesioned contralateral optic nerve, or to PBS on gelatin 
foam applied to the optic nerve of another fish. 
Axonal tracing 
The optic nerve was exposed as described above. The tracer was applied to severed axons of 
the optic nerve using small pieces of biocytin-soaked gelatin foam and the tracer was allowed 
to be anterogradely transported along the optical projection for 4 hours [32]. 
Tissue processing and immunohistochemistry 
Fish were terminally anaesthetised in MS222 (1:1000 in PBS), perfusion fixed with 4% 
paraformaldehyde (PFA) and the dissected tissue was either a) embedded in 4% agar in PBS 
and cut into 50 μm sections on a vibratome or b) immersed in 30% sucrose in PBS overnight, 
embedded in cryostat embedding medium, frozen and cut into 14 μm sections on a cryostat or 
c) dissected optic nerve was post-fixed in 4% PFA for 15 min, teased into single fibres on 
superfrost glass slides and dried. Colorimetric staining was performed with the Vectastain 
ABC kit (Vector Laboratories Ltd). Immunofluorescent staining was performed as described 
previously [20]. 
Antibodies and specificities: rat anti-Claudin k (1:1000, developed by us and specific for 
zebrafish Claudin-K [20]). Mouse anti-4C4 (1:50, Developmental Studies Hybridoma Bank 
(DSHB), 7.4.C4 mouse hybridoma cell line, developed to an unknown teleost antigen and 
previously characterised to recognize microglial cells by morphological criteria after optic 
nerve lesion [33] and spinal lesion [34] transforming from stellate cells into amoeboid cells, 
increasing in number along lesioned tracts and containing fluorescently labelled cellular 
debris indicating phagocytic activity.) Mouse anti-LINC (1:5, DSHB, antibody recognizes 
axonal filaments of 56 and 58 kD in amphibians [35] and its specificity for long projecting 
axons, especially optic axons, has previously been demonstrated by immunohistochemistry in 
zebrafish [36]. Mouse anti-pan-sodium channel antibody (1:200, Sigma-Aldrich monoclonal 
antibody from Clone K58/35, raised to sequence conserved between all vertebrates and 
shown to be specific to sodium channels in zebrafish by co-localisation with other nodal 
proteins and complementary expression to internodal markers [37]). 
Electron microscopy 
Adult zebrafish were perfused with primary fixative (2% glutaraldehyde/ 4% formaldehyde 
in 0.1 M sodium cacodylate in PBS, pH 7.4) and post-fixed at 4°C overnight. Samples were 
stimulated in a microwave in secondary fixative (2% osmium tetroxide in 0.1 M cacodylate 
and 0.1 M imidazole in PBS, pH 7.5), (100 watts for 1 min, room temperature for 1 min, 100 
watts for 1 min, then 450 watts for 20 sec/room temperature for 20 sec repeated 5 times), then 
rinsed and stained with saturated (8%) uranyl acetate. To dehydrate the samples, they were 
microwave stimulated (250 W) in each of a series of increasing concentrations of ethanol to 
100% acetone. Samples were put in a 1:1 mix of EPON embedding medium (Embed 812 kit, 
Electron microscope sciences) and acetone overnight, placed in pure EPON for >6 hours, 
embedded and incubated at 60-65°C to polymerise for > 24 hours, before sectioning. Ultra-
thin sectioning and lead staining was performed by Steven Mitchell in the Science Faculty 
Electron Microscope Facility, University of Edinburgh. 
Quantification 
All quantification was carried out blinded to treatment group. 
a) Pixel intensity and cell counts: quantified in a defined area of interest (0.01 mm
2
) within 
the lesion site (located 300–400 μm from the optic chiasm) and an equally sized and 
located area in the contralateral, unlesioned optic nerve. 
b) Axonal tracer experiments: the pixel darkness of the entire optic tectum in six randomly 
chosen cross sections was compared to the unlesioned contralateral side. 
c) G-ratios, axon diameters and the percentage of myelinated axons: the lesion area was 
identified in serial cross-sections by distance from the chiasm, presence of myelin debris 
and/or macrophages with engulfed myelin droplets. To ensure a random selection of axons 
to be quantified, without bias to presence or absence of myelin or shape, grids were 
overlaid onto the images and all axons intersecting with the grid lines [38] were counted as 
myelinated or not (percentage of myelinated axons), and measured for axon and myelin 
thickness (G-ratio) by a blinded observer. To obtain the axon diameter, the circumference 
of the axon was measured with a Bamboo Pen and Touch pad (Wacom, Vancouver, WA, 
USA), and the diameter was calculated with the formula: diameter = (circumference/∏). 
Myelin thickness was measured similarly in the same axons, by tracing the circumference 
of the myelinated axon, calculating the diameter of the fibre and subtracting axon diameter 
from fibre diameter. To examine the range of axon diameters seen, frequency-distribution 
plots were generated by counting the number of axons present in each axon diameter range 
bin. This is presented as a percentage frequency graph, cumulative frequency graph and a 
box and whisker plot showing median value, with interquartile ranges, with maximum and 
minimum points as the ends of the whiskers. This is to allow comparison of data which is 
not normally distributed. For all of these measurements, at least 200 axons were measured 
per animal, and at least 3 animals were analysed per condition (n ≥ 3). 
d) Internode lengths: in teased fibre preparations of the optic nerve, 80–100 internodes from 
each of n = 3 zebrafish were measured and the frequency distribution graph analysed by 
the Kolmogorov-Smirnov test. 
Statistics 
The statistical tests used are specified in the text and figure legends. Experiments with two 
variables were analysed by the Mann Whitney U-test and experiments with three or more 
variables by an ANOVA and Tukey’s post test, (if normal distribution of data) or Kruskal 
Wallis test and Dunn’s post test, (if data was not normally distributed). A p value of 0.05 or 
less was considered statistically significant (* denotes p < 0.05, ** p < 0.01 and *** p < 
0.001). 
Results 
Lysophosphatidylcholine (LPC) treatment of the adult zebrafish optic nerve 
leads to a focal demyelinating lesion followed by remyelination within 4 weeks 
Although crush lesions of the optic nerve of zebrafish (and the closely related goldfish) to 
study re-establishment of myelin on regenerated axons have been carried out previously 
[39,40], these studies do not assess remyelination, because myelination of a newly generated 
axonal sprout may show differences to remyelination of a demyelinated axon. To study 
remyelination, we aimed to produce a model of focal demyelination, with no or minimal 
axonal damage. The optic nerve is ideal for remyelination studies as it contains mostly 
myelinated axons, is easily accessible and has been used previously for investigation of axon 
regeneration [41,20]. We used the myelinotoxin LPC, as it has been used extensively in 
rodent models of demyelination (reviewed in [16]). This was soaked onto a small piece of 
absorbent gelatin foam placed next to the adult zebrafish optic nerve to produce focal 
demyelination; the contralateral optic nerve served as an internal control. Application of 
gelatin foam containing PBS only to the optic nerve led to no demyelination, axonal damage 
or cellular disturbance (Additional file 1: Figure S1). 
In rodents, after injection of myelinotoxin (LPC or Ethidium Bromide), there is maximal 
demyelination at day 3, oligodendrocyte precursor cell (OPC) recruitment begins around day 
6, OPC maturation into oligodendrocytes starts around day 10 and remyelination is complete 
by day 28 [42,43]. Microglia/macrophages are seen within 6–12 hours until 4 days after LPC-
induced demyelination [44]. For an overview of the timeline of demyelination and 
remyelination in zebrafish optic nerve, we quantified the intensity of immunoreactivity for 
the myelin marker Claudin k [20], the number of oligodendroglial cells (olig2-positive cells 
from reporter transgenic fish), microglia/macrophages (cells positive with anti-4C4 antibody 
[34]) and axons (intensity of anti-LINC antibody immunofluorescence [35,20] at different 
time points after the lesion (Figure 1). We used the Olig2-reporter fish as a tool to detect 
oligodendroglial cells (98% of Olig2+ cells are oligodendroglial in the adult zebrafish [45]), 
due to the lack of an antibody marker to reliably detect oligodendroglia of any stage in the 
lineage in fish. This reporter labels predominantly OPCs [46] but also more mature 
oligodendroglial cells [20,45]. By combining this reporter fluorescence with an 
immunofluorescence antibody stain of a myelin marker such as Claudin k, we were able 
study the dynamics of oligodendroglial cells (mostly OPCs) and myelin formation separately. 
Although myelin markers also label mature oligodendrocyte cell bodies, it is impossible to 
see these clearly in heavily myelinated tracts of adults. Claudin k immunofluorescence in the 
lesioned optic nerve was unchanged at 4 days post lesion (dpl) compared to the contralateral 
control side, but reduced at 8 dpl (***p < 0.001, ANOVA and Tukey’s post test) and this 
gradually increased so that by 28 dpl, immunofluorescence labelling had recovered to similar 
values as in the contralateral control side (Figure 1A). The number of olig2-positive 
oligodendroglial cells in the lesion area was already significantly reduced at 4 dpl, remaining 
low at 8 dpl (*p < 0.05, ***p < 0.001 respectively, ANOVA and Tukey’s post test) and 
gradually returning to levels comparable to the contralateral control optic nerve by 21 dpl 
(Figure 1B). The number of 4C4-positive microglia/macrophages was increased in the 
demyelinated optic nerve at 4 dpl (p < 0.001, ANOVA and Tukey’s post test) (Figure 1C) and 
returned to control levels by 14 dpl. There was no change in LINC immunoreactivity over 
this time course suggesting a lack of axonal injury (Figure 1D). At least five fish (n ≥ 5) were 
used for each time point. Thus our model results in focal demyelination, characterised by 
reduced oligodendrocyte precursors, decreased myelin and a microglial/macrophage 
response, with remyelination occurring within 28 dpl. 
  
Figure 1 Characterisation of myelin, oligodendroglia, microglia/macrophages and axons 
following demyelinating lesion produced by LPC application in the adult zebrafish optic 
nerve. (A-D) There is (A) a significant reduction in Claudin k (myelin) immunoreactivity 
(arrows, p < 0.001), (B) fewer olig2:dsred positive oligodendroglia in the lesion site at 4 to 
14dpl (arrows, p < 0.05), (C) transiently increased numbers of 4C4 immunoreactive 
microglia/macrophages at 4 to 8dpl (arrows, p < 0.001) and (D) no change in LINC + axon 
pixel intensity. Pixel intensities in A and D are presented as a ratio between lesioned nerve 
and unlesioned contralateral control. Dashed lines outline optic nerve. A minimum of n = 5 
fish were used for each time-point. Mean ± SEM. All ANOVA and Tukey’s post test. Scale 
bar: A-D = 100 μm. 
Electron microscopy and axonal tracing indicate intact axons after LPC 
treatment 
The lack of change in LINC immunoreactivity over time suggests that most axons are not 
damaged by the LPC treatment, however, this may be masked by sprouting axons, normally 
seen after axonal damage [40,41]. Using electron microscopy, at the time of maximal 
demyelination (8 dpl), we compared cross sections of optic nerve taken through focal 
demyelinated lesions with those from a crushed optic nerve to look for signs of axonal 
sprouting. After nerve crush, we saw many small calibre axons, arranged in clusters and 
indicative of axonal sprouting secondary to damage, but after LPC treatment, there were only 
unmyelinated average-calibre axons (Figure 2A). Frequency distribution analysis of axon 
diameter after crush, demyelination and in control (uncrushed) optic nerve indicates increased 
numbers of small calibre axons following optic nerve crush only, suggesting that LPC-
treatment does not induce nerve sprouts (Figure 2B). Furthermore, although the median axon 
diameter is virtually identical in control and LPC-treated nerves, there is also a higher 
frequency of larger axons in LPC-treated nerve compared to control nerve. This was 
unexpected but not unprecedented as an increase in axon diameter after demyelination has 
been previously described in MS post mortem tissue, postulated related to increased axon 
water content [47] and in damaged rat optic nerve that shows uncompacted myelin [48]. 
Figure 2 Electron microscopic analysis and axonal tracing shows no axonal damage 
after LPC induced demyelinating lesions. (A) In a demyelinated optic nerve (left), 
unmyelinated axons of various axonal diameters are seen compared to a crushed optic nerve 
(right) where axonal diameters are smaller. (B) To quantify axon diameter, 200 axons of each 
of n = 3 fish were measured per condition and are shown as frequency of axons per axon 
diameter bin. This is also shown as a cumulative frequency, and a box and whisker plot 
(showing median, interquartile range and maximum and minimum values). These 
representations all illustrate that small diameter axons are more frequent after nerve crush 
than in unlesioned controls or after LPC treatment. Furthermore, large diameter axons are 
more frequent after LPC treatment. (C) Tracer was applied to optic nerve (cut proximal to 
lesion) 8 days after treatment with LPC (or PBS for control) so that with no axon damage, the 
tracer labels the entire contralateral optic tectum (top picture), but with axon damage, partial 
tectal labelling is observed (bottom picture). (D) There are no differences in tracer labelling 
in brains after treatment with LPC or PBS-control, whereas a partial crush results in distinct 
areas of lower labelling intensity (black arrows), (dorsal is up), also seen by quantification of 
tectal labelling compared to the contralateral unlabelled control side (E) (p < 0.05, n = 3 fish, 
Kruskal Wallis test, Dunn’s post-test). Mean ± SEM. Scale bars: A = 1 μm, D = 200 μm 
(top), 100 μm (bottom). 
To test whether functional axonal integrity after LPC-induced demyelination is retained in 
this model, we used axonal tracing. Zebrafish optic nerves cross at the optic chiasm and, 
unlike in mammals, all axons from the right eye cross to the left optic tectum and vice versa 
[49]. We applied an axonal tracer to cut optic nerve proximal to a focal demyelinated lesion, 
partial optic nerve crush and sham treated control at 8 dpl, and quantified tracer anterogradely 
transported to the contralateral optic tectum (Figure 2C). If axons are damaged, tracer will not 
reach the tectum leading to absent staining, and in the event of no damage, tracer will be 
transported to the entire tectum and result in visible staining. Our results show that there was 
no difference between the pattern or quantification of tracer labelling in the optic tectum in 
control treated nerve and focally demyelinated nerve, but there was a reduction of tracer 
found in the optic tectum after partial optic nerve crush with obvious areas of lower intensity 
labelling (p < 0.05, n = 3 fish, Kruskal Wallis test, Dunn’s post test, Figure 2D, E). 
Unchanged LINC immunoreactivity, lack of evidence for sprouting by electron microscopy 
and unimpeded tracer transport gave us confidence that our focal demyelination model 
produces no detectable axonal damage allowing us to investigate true remyelination. 
In young zebrafish, optic nerve axons are remyelinated completely with full 
thickness myelin 
To evaluate remyelination, we examined both the number of axons that were remyelinated at 
each time point and the thickness of the myelin sheath in young adult zebrafish (4–7 months). 
Cross sections through the lesion area examined by electron microscopy showed that at 8 dpl, 
most axons were demyelinated compared to the unlesioned contralateral control optic nerve 
(24% ± 9% vs. 93% ± 1% myelinated axons, mean ± SEM, p < 0.05, n = 3 fish, Kruskal 
Wallis test, Dunn’s post-test). At 28 dpl, the percentage of myelinated axons was the same as 
in the unlesioned contralateral control optic nerve (92% ± 1%, vs 93% ± 1% myelinated 
axons, mean ± SEM) (Figure 3A, B), in agreement with the pattern of Claudin k 
immunoreactivity (Figure 1). 
Figure 3 In young zebrafish the proportion of myelinated axons and myelin thickness is 
fully restored after demyelination. (A) In lesioned optic nerve, electron microscopic 
analysis shows many demyelinated axons at 8 dpl (asterisks) and complete remyelination at 
28 dpl compared to unlesioned controls. (B) At 8 dpl the number of myelinated axons in the 
lesion area is significantly reduced compared to unlesioned controls (p < 0.05, n = 3 fish, 
Kruskal Wallis test, Dunn’s post-test), while there is no difference between remyelinated and 
control optic nerves. (C) Graphs of G-ratio versus axon diameter show similar patterns at 28 
dpl and in unlesioned controls, while most axons at 8 dpl have a higher G-ratio (less myelin). 
(D) Average G-ratio between unlesioned and remyelinated optic nerve is not different, 
indicating remyelination with normal thickness myelin (p > 0.05, n = 3-6 fish, Mann Whitney 
U-test). Mean ± SEM. Scale bar: A = 1 μm. 
A typical finding of remyelination in humans [3] and rodents [50] is a thinner myelin sheath 
than expected for axon diameter, measured using the G-ratio: ratio of axon diameter to axon 
plus myelin sheath diameter. To determine whether this is similar in zebrafish, we measured 
the G-ratio in cross sections through the lesion site in remyelinated optic nerves, compared to 
the unlesioned control side. Scatter graphs of G-ratio versus axon diameter at 8 dpl show high 
G-ratios approaching one, indicative of demyelination. At 28 dpl, G-ratios are 
indistinguishable from unlesioned controls, showing full myelin thickness and compact 
myelin sheaths (Figure 3A, C, D). In mammals, Schwann cells, which myelinate axons of the 
peripheral nervous system (PNS), produce myelin with lower G-ratios (thicker myelin) 
compared to myelin produced by oligodendrocytes [51], and are known to be able to 
remyelinate the mammalian CNS after injury [52,53]. To determine whether Schwann cell 
remyelination accounted for the full thickness myelin observed in remyelinated zebrafish 
optic nerve, we made use of the tg (FoxD3:GFP) transgenic zebrafish line, which labels 
neural crest-derived Schwann cells [30]. This showed that at 28 dpl, no GFP-positive cells 
were present in the remyelinated optic nerve, however GFP-labelled cells in peripheral nerves 
could be seen in muscle fascicles close by (Figure 4A) confirming that the transgene was still 
active in the adult zebrafish. In addition, electron microscopy analysis of remyelinated optic 
nerve cross sections did not show any visible basal laminae (only seen around Schwann 
cells), nor Schwann cell-like myelin profiles (Figure 4B), distinguishable from 
oligodendrocyte myelin profiles by the close association of Schwann cell nucleus and 
myelinated axon (one-to-one relationship) (Figure 4C). Hence, neural crest-derived Schwann 
cells do not account for the normal G-ratios seen here. After demyelination, young adult 
zebrafish do not only regenerate myelin sheaths around all axons, but also quickly restore the 
full thickness of myelin – different from both rodents and humans. 
Figure 4 Schwann cells are not involved in optic nerve remyelination. (A) There are no 
GFP positive cells in the remyelinated optic nerve of FoxD3:GFP transgenic zebrafish 
(labelling neural crest-derived Schwann cells) at 28 dpl whereas peripheral nerves in nearby 
muscle fascicles are detectable (arrows), confirming expression of the transgene. (B) 
Schwann cells are also not detected in electron microscopic analysis of remyelinated optic 
nerve cross sections. (C) Schwann cells have a typical phenotype: the nucleus is closely 
associated with its myelinated axon, with a basal lamina. Scale bars: A = 100 μm, B = 1 μm. 
Remyelination is impaired in old zebrafish 
Regeneration potential decreases with age in many mammalian tissues, including the CNS 
[54], and zebrafish are also known to have altered neural function with increasing age [55]. 
We therefore tested whether aged zebrafish are still capable of such efficient myelin repair. 
We induced focal demyelinating lesions in old zebrafish (>15 months) and determined the 
number of remyelinated axons and myelin thickness as before. We found that following optic 
nerve demyelination, the percentage of axons that were remyelinated at 28 dpl in old 
zebrafish was no different from that in fully remyelinated young zebrafish or in contralateral 
control optic nerves from the same animals (Figure 5A, B). However, the myelin sheaths in 
old zebrafish at 28 dpl were noticeably thin (higher G-ratio), and these remained thin even at 
3 months post lesion (mpl) (p < 0.05, 3 animals per condition and 150–200 axons per animal, 
Kruskal-Wallis test, Dunn’s post test, Figure 5A, C, D). Therefore, the thin myelin observed 
at 28 dpl is not simply a result of slower and incomplete remyelination in old zebrafish which 
is correctable in time. Therefore, old zebrafish retain the ability to remyelinate all axons, but 
lose the ability to restore this myelin to full thickness. 
Figure 5 Remyelination is impaired in old zebrafish. (A) Electron microscopic analysis of 
the lesion area in the optic nerves of old (>15 months) zebrafish show thin myelin at 28 dpl 
and even 3 mpl. (B) The percentage of myelinated axons in old fish recovers to a similar level 
as in controls and young fish. (p > 0.05, n = 3 fish, Kruskal-Wallis test, Dunn’s post test). (C) 
G-ratios in old zebrafish at 28 dpl and 3 mpl are higher than in unlesioned controls, indicating 
thin newly formed myelin following demyelination, confirmed by (D) quantification of 
average G-ratios at different time points post-lesion (p < 0.05, n = 3 fish, Kruskal-Wallis test, 
Dunn’s post test). Data from young animals in B and D are repeated from Figure 3 for 
comparison. Mean ± SEM. Scale bar: A = 1 μm 
Internodal lengths are shorter after remyelination in young and old zebrafish 
Another typical feature of remyelination in mammals is that the internodes are short [50,56]. 
We measured internodal lengths in teased optic nerve fibres of young and old zebrafish after 
remyelination, compared to the non-lesioned side (Figure 6). Internode length in adult control 
optic nerve fibres did not change with age. However, after remyelination, the average 
internodal length was decreased in both young and old zebrafish compared to the unlesioned 
control optic nerves from the same animals (Young lesion: 17.48 ± 3.22 μm; young control: 
23.51 ± 0.59 μm; old lesioned: 15.31 ± 1.12 μm; old control: 22.32 ± 3.51 μm; n = 3, all 
mean ± SEM). A frequency-distribution histogram shows a higher frequency of short 
internodes (1–20 μm) in lesioned teased fibres of young and old zebrafish than unlesioned 
control optic nerves of the same animals (Figure 6A-C) (p < 0.001, 80–100 axons in each n = 
3 animals, Kolmogorov-Smirnov test). Thus, after remyelination, as in mammals, myelin 
internodes are shorter in zebrafish, regardless of age. 
Figure 6 Internodes on remyelinated optic axons are short in young and old zebrafish. 
(A, B) Frequency distributions of internodal lengths after remyelination in young (28 dpl) and 
old (3 mpl) zebrafish are different from those in age-matched unlesioned controls (p < 0.001, 
Kolmogorov-Smirnov test, 80–100 internodes measured per animal in n = 3 animals). Shorter 
internodes (1-20 μm) are more frequent in remyelinated young and old zebrafish than in 
controls. (C) Teased-fibre preparations illustrate shorter internodal distances on remyelinated 
optic axons. Arrows - nodes stained with a pan-sodium channel marker. Mean ± SEM. Scale 
bar: C = 6 μm. 
Old zebrafish show a reduced microglial/macrophage response after 
demyelination 
What causes this inability to regenerate full thickness myelin in old zebrafish? One of the 
mechanisms suggested to underlie failure of remyelination in old mice is decreased 
recruitment of microglia/macrophages to the lesion site [57], thought important in myelin 
debris clearance and cytokine signalling. For this reason, we investigated whether a reduced 
microglial/macrophage response to demyelination occurred in old zebrafish. We found fewer 
4C4-positive microglial/macrophages 4 days post lesion in old zebrafish compared to young 
zebrafish (p < 0.05, n = 5 fish, Kruskal Wallis test, Dunn’s post test, Figure 7A, B), with no 
difference in the number of microglia/macrophages compared to control optic nerve. 
Although this is only associative, insufficient recruitment of microglia/macrophages to the 
lesion site at this early time point may contribute to an inability to restore full thickness 
myelin through remyelination in old zebrafish. 
Figure 7 The microglial/macrophage response is attenuated in old zebrafish. (A) The 
number of microglia/macrophages in the lesion area in old zebrafish is similar to that of age-
matched unlesioned controls and significantly different from young zebrafish at 4 dpl (p < 
0.05, n = 5-6 fish, Kruskal Wallis test, Dunn’s post test). Representative images of old 
zebrafish are shown in (B); for images of young zebrafish, please refer to Figure 1C. Dashed 
lines outline optic nerve. Mean ± SEM. Scale bar: B = 100 μm. 
Discussion 
In this study, we use a model of focal demyelination in the adult zebrafish optic nerve, 
without detectable axonal damage, to study remyelination and find that the zebrafish not only 
fully regenerates the normal proportion of myelinated axons in a demyelinated optic nerve 
lesion, but also restores full myelin thickness – a capacity that it loses with age and which is 
absent in rodents and humans. 
Although LPC-induced focal demyelination has been used extensively in rodents (reviewed 
in [16]) and even goldfish [39,40], it has not previously been described and characterised in 
adult zebrafish. We found that there is a similar time course and cellular response to that 
found in mammals following focal LPC-induced lesions [58]. There is restoration of the 
normal percentage of myelinated axons in lesions at 28 dpl, however in contrast to rodents, 
macaques [59] and humans, young zebrafish are able to remyelinate with full thickness 
myelin (as measured by electron microscopy and with no evidence of Schwann cell 
involvement). The myelin of remyelinated axons of mammals has consistently been shown to 
be thinner both in remyelinated lesions of multiple sclerosis patients [3,7] and in rodent 
models of demyelination/remyelination [50], and along with shorter internodes, thin myelin is 
used as the gold standard for detection of remyelination. It was recently reported that in a 
traumatic spinal lesion model in mouse, newly formed myelin sheaths were of full thickness 
[60], but spinal cord injury also causes axonal degeneration, and the control of myelination of 
regenerated versus demyelinated axons may differ. Even in the PNS of mammals, where 
remyelination is more efficient, remyelinated axons have thin myelin [61]. In the PNS, 
myelin thickness is determined by amount of axonal expression of Neuregulin [62], but the 
mechanism is not fully understood in the CNS, and several pathways have been implicated 
including IGF-1 [63], Akt [64], PTEN [65] and pERK1/2 [66]. 
Although, in young zebrafish, oligodendrocytes quickly remyelinate the optic nerve with full 
thickness myelin, albeit with shorter internodal lengths, old zebrafish do not. In old zebrafish, 
the same proportion of axons was remyelinated in the same time frame as in young animals, 
but with thin myelin sheaths. This is unlikely to reflect an age-related slowing of 
remyelination, as myelin sheaths remain thin even 3 months after the lesion, but instead an 
age-dependent decline in the quality of remyelination. There is a reduction in the number of 
remyelinated axons with age both in humans [6] and in rodents [14] but remyelinated myelin 
sheaths always are thin. 
Whether thin and short myelin has detrimental functional consequences has been a key 
question since the 1940s. Theoretical studies predict that at a fixed axon diameter, increasing 
the myelin thickness [67] or the internodal length [68] leads to an increase in conduction 
velocity, until this reaches a plateau. The latter has recently been confirmed in vivo in mouse 
where young transgenic mice engineered to have short internodes have reduced nerve 
conduction, which normalises during postnatal growth when internodal lengths increase [69]. 
Thus the reduced internode length after remyelination may simply be related to a lack of 
growth of the animal in adulthood compared to development. A lack of growth of axon 
diameter in adulthood has also been postulated as a reason for the thin myelin usually 
associated with remyelination compared to development, allowing for deposition of only a 
standard amount of myelin (as is possible around glass nanofibres [70]) but which cannot be 
modulated to the ideal thickness for the axon diameter [71]. However, we do not see a change 
in axon diameter between young and old fish, suggesting other mechanisms may be more 
important. Axon signals modulate the myelinating potential of individual oligodendrocytes at 
least in zebrafish development [21], but whether the mechanism is the same in regeneration is 
currently unknown. Our observation that young zebrafish have normal thickness of myelin 
but still short internodes after remyelination leads us to suggest that myelin thickness and 
internodal length are controlled by different mechanisms. Thin myelin and short internodes 
may increase the vulnerability of remyelinated axons to neurodegeneration in the longer term 
[72,8] which is relevant in multiple sclerosis pathology to avoid progressive disability 
accumulation. 
Although the mechanism for thin myelin and short internodes in CNS remyelination is not 
understood in any animal, the reduction of efficiency in the extent of remyelination in aged 
rodents may be secondary to both a delay of OPC recruitment and slower differentiation into 
oligodendrocytes [15] as well as an altered microglial/macrophage phenotype and failure of 
recruitment, leading to reduced clearance of debris and differences in secreted pro-
regenerative factors [57,73]. It is not known if these differences affect myelin thickness as 
well as its extent during remyelination. In our model, old zebrafish exhibit an early blunted 
microglial/macrophage response compared to young fish, suggesting that the innate immune 
response may be important, but currently we do not have the tools to differentiate between 
different microglial/macrophage activation states in zebrafish. 
Conclusions 
The reason why zebrafish are better at remyelination (and other forms of regeneration) than 
other species is unknown. Macaques show almost no remyelination of the optic nerve three 
months after LPC injection, despite successful and fast remyelination of the spinal cord in a 
similar operation [59], and human multiple sclerosis patients often do not have full recovery 
from optic neuritis. Our model of focal demyelination and remyelination in the adult 
zebrafish shows both similarities and differences to mammalian remyelination. The 
similarities of cells involved and time course of remyelination (compared to mammals) 
suggest that high throughput screens of small molecule libraries in larval zebrafish may 
indeed identify potential targets for aiding remyelination. The differences may also prove to 
be useful, as although zebrafish are highly regenerative compared to humans, this potential 
limitation may prove an advantage to understand how myelin thickness is successfully 
regenerated. Our model is an intentionally reductionist model of pure demyelination and 
remyelination, lacking the complexities of adaptive immune response changes found in 
multiple sclerosis patients and is clearly not high throughput and not suited to screening for 
pro-remyelinating targets. However, it may be useful for the further testing of candidate pro-
remyelination compounds that may be translatable into neuroprotective therapeutics for 
multiple sclerosis in the future [74]. It may be even more instructive to answer the 
fundamental questions of how the extent and quality of repaired myelin is controlled, how 
ageing affects these processes and what differences in remyelination biology between 
zebrafish and mammals determine success or failure of regeneration. 
Abbreviations 
dpl, Days post lesion; LPC, Lysophosphatidylcholine; mpl, Months post lesion; OPC, 
Oligodendrocyte precursor cell; PBStx, Phosphate Buffered Saline with TritonX-100; PFA, 
Paraformaldehyde; CNS, Central nervous system; PNS, Peripheral nervous system; SEM, 
Standard error of means; GFP, Green fluorescent protein. 
Competing interests 
The authors declare that they have no competing interests. 
Authors’ contributions 
EJM carried out the experiments, participated in their design under the supervision of TB and 
AW, CGB advised and participated in experimental design, TB and AW contributed equally 
to the conception of the study, participated in its design and coordination and wrote the 
manuscript. All authors read and approved the final manuscript. 
Acknowledgements 
We thank Stephen Mitchell at the Electron Microscopy facility at the University of 
Edinburgh, Dr. David Lyons for reagents and advice, and the Euan MacDonald Centre for 
access to their confocal microscope. 
Funding 
A.W. was funded by the Wellcome Trust, E.J.M. by the Centre for Clinical Brain Sciences, 
University of Edinburgh and the project by the Edinburgh MS Society Centre for 
Translational Research. 
References 
1. Funfschilling U, Supplie LM, Mahad D, Boretius S, Saab AS, Edgar J, Brinkmann BG, 
Kassmann CM, Tzvetanova ID, Mobius W, Diaz F, Meijer D, Suter U, Hamprecht B, Sereda 
MW, Moraes CT, Frahm J, Goebbels S, Nave KA (2012) Glycolytic oligodendrocytes 
maintain myelin and long-term axonal integrity. Nature 485(7399):517–521, 
doi:10.1038/nature11007 
2. Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN, Liu Y, Tsingalia A, Jin 
L, Zhang PW, Pellerin L, Magistretti PJ, Rothstein JD (2012) Oligodendroglia metabolically 
support axons and contribute to neurodegeneration. Nature 487(7408):443–448, 
doi:10.1038/nature11314 
3. Perier O, Gregoire A (1965) Electron microscopic features of multiple sclerosis lesions. 
Brain 88(5):937–952 
4. Patani R, Balaratnam M, Vora A, Reynolds R (2007) Remyelination can be extensive in 
multiple sclerosis despite a long disease course. Neuropathol Appl Neurobiol 33(3):277–287 
5. Patrikios P, Stadelmann C, Kutzelnigg A, Rauschka H, Schmidbauer M, Laursen H, 
Sorensen PS, Bruck W, Lucchinetti C, Lassmann H (2006) Remyelination is extensive in a 
subset of multiple sclerosis patients. Brain 129(Pt 12):3165–3172 
6. Goldschmidt T, Antel J, Konig FB, Bruck W, Kuhlmann T (2009) Remyelination capacity 
of the MS brain decreases with disease chronicity. Neurology 72(22):1914–1921, 
doi:10.1212/WNL.0b013e3181a8260a 
7. Prineas JW, Connell F (1979) Remyelination in multiple sclerosis. Ann Neurol 5(1):22–31 
8. Smith KJ (2006) Axonal protection in multiple sclerosis–a particular need during 
remyelination? Brain 129(Pt 12):3147–3149 
9. Smith KJ, Blakemore WF, McDonald WI (1979) Central remyelination restores secure 
conduction. Nature 280(5721):395–396 
10. Zambonin JL, Zhao C, Ohno N, Campbell GR, Engeham S, Ziabreva I, Schwarz N, Lee 
SE, Frischer JM, Turnbull DM, Trapp BD, Lassmann H, Franklin RJ, Mahad DJ (2011) 
Increased mitochondrial content in remyelinated axons: implications for multiple sclerosis. 
Brain 134(Pt 7):1901–1913, doi:10.1093/brain/awr110 
11. Duncan ID, Brower A, Kondo Y, Curlee JF Jr, Schultz RD (2009) Extensive 
remyelination of the CNS leads to functional recovery. Proc Natl Acad Sci U S A 
106(16):6832–6836 
12. Liebetanz D, Merkler D (2006) Effects of commissural de- and remyelination on motor 
skill behaviour in the cuprizone mouse model of multiple sclerosis. Exp Neurol 202(1):217–
224, doi:10.1016/j.expneurol.2006.05.032 
13. Murray PD, McGavern DB, Sathornsumetee S, Rodriguez M (2001) Spontaneous 
remyelination following extensive demyelination is associated with improved neurological 
function in a viral model of multiple sclerosis. Brain 124(Pt 7):1403–1416 
14. Shields SA, Gilson JM, Blakemore WF, Franklin RJ (1999) Remyelination occurs as 
extensively but more slowly in old rats compared to young rats following gliotoxin-induced 
CNS demyelination. Glia 28(1):77–83 
15. Sim FJ, Zhao C, Penderis J, Franklin RJ (2002) The age-related decrease in CNS 
remyelination efficiency is attributable to an impairment of both oligodendrocyte progenitor 
recruitment and differentiation. J Neurosci 22(7):2451–2459, doi:20026217 
16. Blakemore WF, Franklin RJ (2008) Remyelination in experimental models of toxin-
induced demyelination. Curr Top Microbiol Immunol 318:193–212 
17. Boyd A, Zhang H, Williams A (2013) Insufficient OPC migration into demyelinated 
lesions is a cause of poor remyelination in MS and mouse models. Acta Neuropathol 
125(6):841–859, doi: 10.1007/s00401-013-1112-y. Epub 2013 Apr 18 
18. Becker CG, Becker T (2008) Adult zebrafish as a model for successful central nervous 
system regeneration. Restor Neurol Neurosci 26(2–3):71–80 
19. Kizil C, Kaslin J, Kroehne V, Brand M (2012) Adult neurogenesis and brain regeneration 
in zebrafish. Dev Neurobiol 72(3):429–461, doi:10.1002/dneu.20918 
20. Münzel EJ, Schaefer K, Obirei B, Kremmer E, Burton EA, Kuscha V, Becker CG, 
Brosamle C, Williams A, Becker T (2012) Claudin k is specifically expressed in cells that 
form myelin during development of the nervous system and regeneration of the optic nerve in 
adult zebrafish. Glia 60(2):253–270, doi:10.1002/glia.21260 
21. Almeida RG, Czopka T, Ffrench-Constant C, Lyons DA (2011) Individual axons regulate 
the myelinating potential of single oligodendrocytes in vivo. Development 138(20):4443–
4450, doi:10.1242/dev.071001 
22. Chung AY, Kim PS, Kim S, Kim E, Kim D, Jeong I, Kim HK, Ryu JH, Kim CH, Choi J, 
Seo JH, Park HC (2013) Generation of demyelination models by targeted ablation of 
oligodendrocytes in the zebrafish CNS. Mol Cells 36(1):82–87, doi:10.1007/s10059-013-
0087-9 
23. Czopka T, Ffrench-Constant C, Lyons DA (2013) Individual oligodendrocytes have only 
a few hours in which to generate new myelin sheaths in vivo. Dev Cell 25(6):599–609, 
doi:10.1016/j.devcel.2013.05.013 
24. Kirby BB, Takada N, Latimer AJ, Shin J, Carney TJ, Kelsh RN, Appel B (2006) In vivo 
time-lapse imaging shows dynamic oligodendrocyte progenitor behavior during zebrafish 
development. Nat Neurosci 9(12):1506–1511, doi:10.1038/nn1803 
25. Buckley CE, Marguerie A, Roach AG, Goldsmith P, Fleming A, Alderton WK, Franklin 
RJ (2010) Drug reprofiling using zebrafish identifies novel compounds with potential pro-
myelination effects. Neuropharmacology 59(3):149–159 
26. Kazakova N, Li H, Mora A, Jessen KR, Mirsky R, Richardson WD, Smith HK (2006) A 
screen for mutations in zebrafish that affect myelin gene expression in Schwann cells and 
oligodendrocytes. Dev Biol 297(1):1–13, doi:10.1016/j.ydbio.2006.03.020 
27. Pogoda HM, Sternheim N, Lyons DA, Diamond B, Hawkins TA, Woods IG, Bhatt DH, 
Franzini-Armstrong C, Dominguez C, Arana N, Jacobs J, Nix R, Fetcho JR, Talbot WS 
(2006) A genetic screen identifies genes essential for development of myelinated axons in 
zebrafish. Dev Biol 298(1):118–131, doi:10.1016/j.ydbio.2006.06.021 
28. Westerfield M (1995) The zebrafish book. University of Oregon Press, Eugene, OR 
29. Kucenas S, Snell H, Appel B (2008) nkx2.2a promotes specification and differentiation of 
a myelinating subset of oligodendrocyte lineage cells in zebrafish. Neuron Glia Biol 4(2):71–
81, doi:10.1017/S1740925X09990123 
30. Gilmour DT, Maischein HM, Nusslein-Volhard C (2002) Migration and function of a 
glial subtype in the vertebrate peripheral nervous system. Neuron 34(4):577–588 
31. Spence R, Gerlach G, Lawrence C, Smith C (2008) The behaviour and ecology of the 
zebrafish, Danio rerio. Biol Rev Camb Philos Soc 83(1):13–34, doi:10.1111/j.1469-
185X.2007.00030.x 
32. Becker CG, Meyer RL, Becker T (2000) Gradients of ephrin-A2 and ephrin-A5b mRNA 
during retinotopic regeneration of the optic projection in adult zebrafish. J Comp Neurol 
427(3):469–483 
33. Schweitzer J, Becker T, Becker CG, Schachner M (2003) Expression of protein zero is 
increased in lesioned axon pathways in the central nervous system of adult zebrafish. Glia 
41(3):301–317 
34. Becker T, Becker CG (2001) Regenerating descending axons preferentially reroute to the 
gray matter in the presence of a general macrophage/microglial reaction caudal to a spinal 
transection in adult zebrafish. J Comp Neurol 433(1):131–147 
35. Steen P, Kalghatgi L, Constantine-Paton M (1989) Monoclonal antibody markers for 
amphibian oligodendrocytes and neurons. J Comp Neurol 289(3):467–480, 
doi:10.1002/cne.902890311 
36. Becker CG, Schweitzer J, Feldner J, Becker T, Schachner M (2003) Tenascin-R as a 
repellent guidance molecule for developing optic axons in zebrafish. J Neurosci 23(15):6232–
6237, doi:23/15/6232 
37. Woods IG, Lyons DA, Voas MG, Pogoda HM, Talbot WS (2006) nsf is essential for 
organization of myelinated axons in zebrafish. Curr Biol 16(7):636–648, doi:S0960-
9822(06)01272-3 
38. Edgar JM, McLaughlin M, Werner HB, McCulloch MC, Barrie JA, Brown A, Faichney 
AB, Snaidero N, Nave KA, Griffiths IR (2009) Early ultrastructural defects of axons and 
axon-glia junctions in mice lacking expression of Cnp1. Glia 57(16):1815–1824, 
doi:10.1002/glia.20893 
39. Nona SN, Duncan A, Stafford CA, Maggs A, Jeserich G, Cronly-Dillon JR (1992) 
Myelination of regenerated axons in goldfish optic nerve by Schwann cells. J Neurocytol 
21(6):391–401 
40. Wolburg H (1981) Myelination and remyelination in the regenerating visual system of the 
goldfish. Exp Brain Res 43(2):199–206 
41. Becker CG, Becker T (2007) Growth and pathfinding of regenerating axons in the optic 
projection of adult fish. J Neurosci Res 85(12):2793–2799, doi:10.1002/jnr.21121 
42. Huang JK, Jarjour AA, Nait Oumesmar B, Kerninon C, Williams A, Krezel W, 
Kagechika H, Bauer J, Zhao C, Evercooren AB, Chambon P, Ffrench-Constant C, Franklin 
RJ (2011) Retinoid X receptor gamma signaling accelerates CNS remyelination. Nat 
Neurosci 14(1):45–53 
43. Woodruff RH, Fruttiger M, Richardson WD, Franklin RJ (2004) Platelet-derived growth 
factor regulates oligodendrocyte progenitor numbers in adult CNS and their response 
following CNS demyelination. Mol Cell Neurosci 25(2):252–262 
44. Ousman SS, David S (2000) Lysophosphatidylcholine induces rapid recruitment and 
activation of macrophages in the adult mouse spinal cord. Glia 30(1):92–104 
45. Marz M, Chapouton P, Diotel N, Vaillant C, Hesl B, Takamiya M, Lam CS, Kah O, 
Bally-Cuif L, Strahle U (2010) Heterogeneity in progenitor cell subtypes in the ventricular 
zone of the zebrafish adult telencephalon. Glia 58(7):870–888, doi:10.1002/glia.20971 
46. Park HC, Shin J, Roberts RK, Appel B (2007) An olig2 reporter gene marks 
oligodendrocyte precursors in the postembryonic spinal cord of zebrafish. Dev Dyn 
236(12):3402–3407, doi:10.1002/dvdy.21365 
47. Shintaku M, Hirano A, Llena JF (1988) Increased diameter of demyelinated axons in 
chronic multiple sclerosis of the spinal cord. Neuropathol Appl Neurobiol 14(6):505–510 
48. Payne SC, Bartlett CA, Harvey AR, Dunlop SA, Fitzgerald M (2012) Myelin sheath 
decompaction, axon swelling, and functional loss during chronic secondary degeneration in 
rat optic nerve. Invest Ophthalmol Vis Sci 53(10):6093–6101, doi:10.1167/iovs.12-10080 
49. Stuermer CA (1988) Retinotopic organization of the developing retinotectal projection in 
the zebrafish embryo. J Neurosci 8(12):4513–4530 
50. Blakemore WF, Murray JA (1981) Quantitative examination of internodal length of 
remyelinated nerve fibres in the central nervous system. J Neurol Sci 49(2):273–284 
51. Fraher JP, Rossiter JP (1991) Myelin-axon relationships established by rat vagal Schwann 
cells deep to the brainstem surface. J Comp Neurol 304(2):253–260, 
doi:10.1002/cne.903040208 
52. Baron-Van Evercooren A, Gansmuller A, Duhamel E, Pascal F, Gumpel M (1992) Repair 
of a myelin lesion by Schwann cells transplanted in the adult mouse spinal cord. J 
Neuroimmunol 40(2–3):235–242 
53. Blakemore WF (1975) Remyelination by Schwann cells of axons demyelinated by 
intraspinal injection of 6-aminonicotinamide in the rat. J Neurocytol 4(6):745–757 
54. Franklin RJ, Zhao C, Sim FJ (2002) Ageing and CNS remyelination. Neuroreport 
13(7):923–928 
55. Edelmann K, Glashauser L, Sprungala S, Hesl B, Fritschle M, Ninkovic J, Godinho L, 
Chapouton P (2013) Increased radial glia quiescence, decreased reactivation upon injury and 
unaltered neuroblast behavior underlie decreased neurogenesis in the aging zebrafish 
telencephalon. J Comp Neurol 521(13):3099–3115, doi:10.1002/cne.23347 
56. Gledhill RF, Harrison BM, McDonald WI (1973) Pattern of remyelination in the CNS. 
Nature 244(5416):443–444 
57. Ruckh JM, Zhao JW, Shadrach JL, van Wijngaarden P, Rao TN, Wagers AJ, Franklin RJ 
(2012) Rejuvenation of regeneration in the aging central nervous system. Cell Stem Cell 
10(1):96–103 
58. Foster RE, Kocsis JD, Malenka RC, Waxman SG (1980) Lysophosphatidyl choline-
induced focal demyelination in the rabbit corpus callosum. electron-microscopic 
observations. J Neurol Sci 48(2):221–231 
59. Lachapelle F, Bachelin C, Moissonnier P, Nait-Oumesmar B, Hidalgo A, Fontaine D, 
Baron-Van Evercooren A (2005) Failure of remyelination in the nonhuman primate optic 
nerve. Brain Pathol 15(3):198–207 
60. Powers BE, Sellers DL, Lovelett EA, Cheung W, Aalami SP, Zapertov N, Maris DO, 
Horner PJ (2013) Remyelination reporter reveals prolonged refinement of spontaneously 
regenerated myelin. Proc Natl Acad Sci U S A 110(10):4075–4080, 
doi:10.1073/pnas.1210293110 
61. Fricker FR, Lago N, Balarajah S, Tsantoulas C, Tanna S, Zhu N, Fageiry SK, Jenkins M, 
Garratt AN, Birchmeier C, Bennett DL (2011) Axonally derived neuregulin-1 is required for 
remyelination and regeneration after nerve injury in adulthood. J Neurosci 31(9):3225–3233, 
doi:10.1523/JNEUROSCI.2568-10.2011 
62. Brinkmann BG, Agarwal A, Sereda MW, Garratt AN, Muller T, Wende H, Stassart RM, 
Nawaz S, Humml C, Velanac V, Radyushkin K, Goebbels S, Fischer TM, Franklin RJ, Lai C, 
Ehrenreich H, Birchmeier C, Schwab MH, Nave KA (2008) Neuregulin-1/ErbB signaling 
serves distinct functions in myelination of the peripheral and central nervous system. Neuron 
59(4):581–595, doi:10.1016/j.neuron.2008.06.028 
63. Ye P, Carson J, D’Ercole AJ (1995) In vivo actions of insulin-like growth factor-I (IGF-I) 
on brain myelination: studies of IGF-I and IGF binding protein-1 (IGFBP-1) transgenic mice. 
J Neurosci 15(11):7344–7356 
64. Harrington EP, Zhao C, Fancy SP, Kaing S, Franklin RJ, Rowitch DH (2010) 
Oligodendrocyte PTEN is required for myelin and axonal integrity, not remyelination. Ann 
Neurol 68(5):703–716, doi:10.1002/ana.22090 
65. Flores AI, Narayanan SP, Morse EN, Shick HE, Yin X, Kidd G, Avila RL, Kirschner DA, 
Macklin WB (2008) Constitutively active Akt induces enhanced myelination in the CNS. J 
Neurosci 28(28):7174–7183, doi:10.1523/JNEUROSCI.0150-08.2008 
66. Fyffe-Maricich SL, Schott A, Karl M, Krasno J, Miller RH (2013) Signaling through 
ERK1/2 controls Myelin thickness during Myelin repair in the adult central nervous system. J 
Neurosci 33(47):18402–18408, doi:10.1523/JNEUROSCI.2381-13.2013 
67. Smith RS, Koles ZJ (1970) Myelinated nerve fibers: computed effect of myelin thickness 
on conduction velocity. Am J Physiol 219(5):1256–1258 
68. Huxley AF, Stampfli R (1949) Evidence for saltatory conduction in peripheral myelinated 
nerve fibres. J Physiol 108(3):315–339 
69. Wu LM, Williams A, Delaney A, Sherman DL, Brophy PJ (2012) Increasing internodal 
distance in myelinated nerves accelerates nerve conduction to a flat maximum. Curr Biol 
22(20):1957–1961, doi:10.1016/j.cub.2012.08.025 
70. Lee S, Leach MK, Redmond SA, Chong SY, Mellon SH, Tuck SJ, Feng ZQ, Corey JM, 
Chan JR (2012) A culture system to study oligodendrocyte myelination processes using 
engineered nanofibers. Nat Methods 9(9):917–922, doi:10.1038/nmeth.2105 
71. Franklin RJ, Hinks GL (1999) Understanding CNS remyelination: clues from 
developmental and regeneration biology. J Neurosci Res 58(2):207–213 
72. Manrique-Hoyos N, Jurgens T, Gronborg M, Kreutzfeldt M, Schedensack M, Kuhlmann 
T, Schrick C, Bruck W, Urlaub H, Simons M, Merkler D (2012) Late motor decline after 
accomplished remyelination: impact for progressive multiple sclerosis. Ann Neurol 
71(2):227–244, doi:10.1002/ana.22681 
73. Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, van Wijngaarden P, 
Wagers AJ, Williams A, Franklin RJ, Ffrench-Constant C (2013) M2 microglia and 
macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat Neurosci 
16(9):1211–1218, doi: 10.1038/nn.3469. Epub 2013 Jul 21 
74. Münzel EJ, Williams A (2013) Promoting remyelination in multiple sclerosis-recent 
advances. Drugs 73(18):2017–2029, doi:10.1007/s40265-013-0146-8 
Additional file 
Additional_file_1 as TIFF 
Additional file 1: Figure S1 PBS on gelatin foam alone does not cause demyelination, 
axonal damage or cellular disturbance. PBS on gelatin foam applied to zebrafish optic nerve 
does not cause demyelination as measured by (A) lesion size or (B) myelin levels (Claudin 
k), nor a change in axon staining intensity (B), microglia or oligodendrocytes (C) as 
compared to a negative unlesioned control side (also see Figure 1). (Mean+/− SEM Kruskal 
Wallis test, plus Dunn’s post-test*p < 0.05, **p < 0.01, ns = not significant). 







